Escherichia coli RNase G is involved in the degradation of several mRNAs, including adhE and eno, which encode alcohol dehydrogenase and enolase respectively. Previous research indicates that the 5 0 untranslated region (5 0 -UTR) of adhE mRNA gives RNase G-dependency to lacZ mRNA when tagged at the 5 0 -end, but it has not been elucidated yet how RNase G recognizes adhE mRNA. Primer extension analysis revealed that RNase G cleaved a phosphodiester bond between À19A and À18C in the 5 0 -UTR (the A of the start codon was defined as þ1). Site-directed mutagenesis indicated that RNase G did not recognize the nucleotides at À19 and À18. Random deletion analysis indicated that the sequence from À145 to À125 was required for RNase G-dependent degradation. Secondary structure prediction and further site-directed deletion suggested that the stem-loop structure, with a bubble in the stem, is required for RNaseG-dependent degradation of adhE mRNA.
Escherichia coli RNase G is involved in the degradation of several mRNAs, including adhE and eno, which encode alcohol dehydrogenase and enolase respectively. Previous research indicates that the 5 0 untranslated region (5 0 -UTR) of adhE mRNA gives RNase G-dependency to lacZ mRNA when tagged at the 5 0 -end, but it has not been elucidated yet how RNase G recognizes adhE mRNA. Primer extension analysis revealed that RNase G cleaved a phosphodiester bond between À19A and À18C in the 5 0 -UTR (the A of the start codon was defined as þ1). Site-directed mutagenesis indicated that RNase G did not recognize the nucleotides at À19 and À18. Random deletion analysis indicated that the sequence from À145 to À125 was required for RNase G-dependent degradation. Secondary structure prediction and further site-directed deletion suggested that the stem-loop structure, with a bubble in the stem, is required for RNaseG-dependent degradation of adhE mRNA.
Key words: adhE; mRNA stability; RNase G; 5 0 -UTR Regulation of mRNA stability permits flexible changes to cell metabolism and rapid adaptation to new environments. In bacteria, RNA is degraded by several types of RNase that target different sites at different efficiencies. 1) In Escherichia coli, the degradation of mRNAs begins with several internal cleavages by endoribonucleases such as RNase E, RNase G, RNase III, and RNase P. [2] [3] [4] The resulting fragments are then subjected to digestion in a 3 0 -to-5 0 direction by exonucleases such as RNase II, PNPase, and RNase R. 2, 3) E. coli RNase G, encoded by the rng gene, was originally identified as an endoribonuclease that generates the mature 5 0 -end of 16S rRNA. 5, 6) Recently, it was reported that ribosomes containing unprocessed 16S rRNA in rng mutant cells exhibited defects in proofreading in protein synthesis. 7) RNase G shows high similarity to the N-terminal catalytic domain of RNase E. 8) RNase E and RNase G show 5 0 -end dependent activity and attack substrate RNAs in the single-stranded AU-rich regions, but their precise cleavage sites are not identical. 9, 10) Residues of RNase E that contact a 5 0 -monophosphorylated end and coordinate the catalytic magnesium ion are conserved in RNase G. 8, 11) They prefer substrates with 5 0 -monophosphorylated ends to ones with triphosphorylated termini. 9, 12) RNase G appears to have a higher preference for 5 0 -monophosphorylated substrates compared with RNase E.
10) The 5 0 -monophosphorylated end is generated by an RNA pyrophosphohydrolase RppH, 13) or by another endoribonuclease. 14) A functional relationship between RNase E and RNase G was suggested by their genetic interaction. The lethality of cells lacking RNase E activity is restored by overproduction of RNase G, although only partially. 14, 15) RNase E is thought to downregulate the expression of RNase G. 14) Since the lack of RNase G shows no discernible effect on cell growth under usual laboratory culture conditions, it is thought that RNase E can compensate for the lack of RNase G. 5, 6, 15) A recent study found that single amino acid changes in the predicted RNase H domain of RNase G led to complementation of RNase E deletion mutants, suggesting that this region of the two proteins distinguishes their in vivo biological activities, 16) but these RNase G mutant proteins do not fully substitute for RNase E in mRNA decay or tRNA processing. 16) It has been found that RNase G is involved in the degradation of adhE and eno mRNAs, encoding alcohol dehydrogenase and enolase respectively. 17, 18) Microarray data have also suggested that RNase G controls the levels of transcripts associated with sugar metabolism centered on glycolysis (adhE, pgi, glk, nagB, acs, eno, and tpiA).
14) Strains defective in RNase G produce increased levels of pyruvic acid. 19) These results suggest that RNase G is involved in the regulation of central sugar metabolism.
The adhE gene encodes the alcohol dehydrogenase (the bifunctional NAD-linked oxidoreductase) responsible for the conversion of acetyl-coenzyme A to ethanol during fermentative growth. [20] [21] [22] The transcriptional level of adhE is about 10-fold higher under anaerobic conditions than under aerobic ones, and possibly the NADH concentration or the NADH/NAD ratio is a signal for transcriptional regulation of adhE. 23, 24) The adhE gene has two promoters, adhEp1 and adhEp2. adhEp1 is ' 70 and ' S -dependent, and adhEp2 is ' Sdependent. Five transcriptional regulators have been identified to date. NarL represses adhE expression only in the presence of nitrate, [23] [24] [25] and Cra represses adhE expression. 26) Strains that extensively overproduce the AdhE protein harbor mutations in the cra gene or in the Cra-box of the adhE promoter. 27) Fis, known to be a y To whom correspondence should be addressed. Tel: +81-45-924-5770; Fax: +81-45-924-5820; E-mail: mwachi@bio.titech.ac.jp factor for inversion stimulation, 28, 29) is required for adhE transcription, 30) Fnr activates adhE expression, 31) and Lrp represses adhE expression. 32) At the post-transcriptional step, cleavage by RNase III, encoded by the rnc gene, is important for efficient expression of the adhE gene. Computer-generated secondary structures of the putative 5 0 -untranslated region (5 0 -UTR) of adhE mRNA suggested that the ribosome binding site (RBS) is occluded by intramolecular base pairing, and that cleavage of this secondary structure by RNase III is necessary for efficient translation initiation. 33) In this study, we aimed to clarify the post-transcriptional regulation mechanism of adhE gene expression by RNase G. We identified a cleavage site in adhE mRNA generated by RNase G, and found a key secondary structure required for RNase G-dependent regulation. These findings are a clue to the RNA recognition mechanism by RNase G, and suggest a difference between RNase E and RNase G.
Materials and Methods
Bacterial strains and media. E. coli JM109 [recA1 endA1 gyrA96 thi hsdR17 e14
were used in plasmid construction. E. coli K12 strains MC1061 [araD139 Á(araABC-leu)7697 Á(lac)X74 galU galK hsdR rpsL150 thi], GM11 (the same as MC1061 but for rng::cat), 17) GM50 (the same as MC1061 but for rnc-105 and zff3139::Tn10kan), and GM51 (the same as GM50 but for rng::cat) were used in analysis. CAG18570 (F À zff3139::Tn10kan) used in the construction of GM50, and GM51 was obtained from National BioResource Project-E. coli (National Institute of Genetics, Mishima, Japan). rnc and rng are the structural genes of RNase III and RNase G respectively. Cells were grown in L broth containing 1% polypeptone, 0.5% yeast extract, 0.5% NaCl, and 0.1% glucose (pH 7.0). Ampicillin (50 mg/mL) was added when culturing strains carrying plasmids.
Total RNA extraction. Total cellular RNAs from E. coli MC1061, GM11, GM50, and GM51 were isolated as described previously. 17) Briefly, overnight cultures grown on L broth at 30 C were washed and then inoculated into fresh L broth. Two volumes of RNA Protect Bacterial Reagent (Qiagen, Valencia, CA) were added directly to 1 volume of cultures at appropriate OD 660 of 1-3 to stabilize the cellular RNAs. The cells were harvested by centrifugation at 5;000 Â g for 10 min at 25 C, and total cellular RNAs were isolated with an RNeasy Mini Kit (Qiagen). Total RNA was treated with DNase I at 37 C for 15 min.
Primer extension analysis. Primer extension analysis was done as described previously. 34) Briefly, 17 mg of total RNA extracted from the MC1061 and GM11 cells was used for primer extension with Superscript II RNase H reverse transcriptase (Invitrogen, Carlsbad, CA) and biotinylated oligonucleotides 5 0 -GGGATTCGAGCATCTG-CAGCAGCCAGAGCG-3 0 and 5 0 -CTTCGCTATTACGCCAGCTGG-CGAAAGG-3 0 , complementary to a region within adhE mRNA and an adhE-lacZ mRNA coding region respectively. As to the GM50 and GM51 cells, 40 mg of total RNA was used. The primer extension products were separated on a denaturing polyacrylamide gel (8 M urea, 6% gel) together with sequencing ladders obtained with the same primer. The template for the sequencing ladders of adhE was PCRamplified with primers 5 0 -TAAGGTTGAAAAGACGCGCTGACAA-TAC-3 0 and 5 0 -CGATACCCATGCCGGATTCGGCAACGGCC-3 0 . The template for the sequencing ladders of adhE-lacZ was PCRamplified with primers 5 0 -GGCGTATCACGAGGCCCTTTCGTC-TTC-3 0 and 5 0 -GTTTGAGGGGACGACGACAGTATC-3 0 . The separated products were detected by chemiluminescence with a Phototope-Star detection kit (New England Biolabs, Beverly, MA).
Plasmid construction. A PCR protocol was used for site-directed mutagenesis to insert three types of nucleotide substitution into the 5 0 -UTR of adhE-lacZ mRNA. A 1.44-kb upstream region of the adhElacZ gene containing the promoter sequence, the 5 0 -UTR, and the first 38 bp of the coding region was amplified by PCR with primers 5 0 -GAAGAATTCCCAACAATTGATTATTATTTAGC-3 0 as forward primer and reverse primer 5 0 -ACGGGATCCCCAACTTCAGCGA-CATTAGTAACAGCCATAATGCTCTCCTGATAATGCTAAACTT-TTTTAG-3 0 (for AÀ19G, the nucleotide substitution is underlined),
(for AÀ19G/ CÀ18T). The amplified fragment was digested with EcoRI and BamHI. The digested DNA fragment was cloned into pAL1 17) digested with the same enzymes to replace each wild-type 5 0 -UTR with a mutant 5 0 -UTR. The newly constructed plasmids were named pAL1À19G, pAL1À18T, and pAL1GT respectively.
For random deletion of the 5 0 -UTR, pAL1 17) was digested with PmeI. The digested pAL1 was treated with Exonuclease III at 37 C for appropriate durations, followed by treatment with mung bean nuclease at 37 C for 10 min. The resulting blunt-ended fragments were subjected to self-ligation, and the newly constructed plasmids were named pAL16, pAL32, pAL34, pAL51, pAL55, and pAL58.
The mutant adhE-lacZ gene fragments containing 1.25-1.42-kb upstream of the translational start site and 3.13-kb downstream of the coding sequence were amplified by PCR with the above nine plasmids as templates and primers 5 0 -CCTTTCGTCTTCAAGAAGCATGC-CCAACAATTGA-3 0 and 5 0 -GGGCATCGGTCGACCGCTCTGCC-GGTGGTTAC-3 0 (SalI site and artificially generated SphI site underlined). A 11.15-kb DNA fragment containing mini-F replicon was amplified by PCR with pALF1 17) as template and primers 5 0 -CCA-CCGGCAGAGCGGTCGACTCTAGAGG-3 0 and 5 0 -GTGAGGAGG-CCGCATGCAGCGACACACTTG-3 0 (SalI site and artificially generated SphI site underlined). The amplified fragments were digested with SphI and SalI and then ligated. The newly constructed plasmids were named pALF1À19G, pALF1À18T, pALF1GT, pALF16, pALF32, pALF34, pALF51, pALF55, and pALF58 respectively. These were single-copy-number plasmids having a mini-F replicon.
A two-step PCR protocol was used to introduce a site-directed deletion (À124 to À43) into the adhE 5 0 -UTR. A 146-bp DNA fragment was amplified by PCR with pAL1 as template and primers 5 0 -GGTGTCAGGAATTCAAAAATTTGATTTGG-3 0 and 5 0 -GTAAA-TCATCTTGTGATTTACTAAAAGAG-3 0 (artificially generated EcoRI site underlined). A 104-bp DNA fragment was amplified by PCR with pAL1 as template and primers 5 0 -CTTTTAGTAAATCACAAGAT-GATTTACTAAAAAAG-3 0 and 5 0 -GTAAAACGACGGGATCCCC-AACTTCAGCGAC-3 0 (BamHI site underlined). The two PCR fragments were mixed and used in a second round of PCR to generate the Mini 5 0 -UTR ver. 1 gene with primers 5 0 -GGTGTCAGGAATTC-AAAAATTTGATTTGG-3 0 and 5 0 -GTAAAACGACGGGATCCCC-AACTTCAGCGAC-3 0 (BamHI site and artificially generated EcoRI sites underlined). The amplified fragment was digested with EcoRI and BamHI. The digested DNA fragment was cloned into pAL1 digested with the same enzymes to replace a wild-type 5 0 -UTR with Mini 5 0 -UTR ver. 1. The newly constructed plasmid was named pALV1. A two-step PCR protocol was used to introduce a site-directed deletion (À170 to À147) into Mini 5 0 -UTR ver. The mutant adhE-lacZ gene fragments containing 149-173-bp upstream of the translational start site and 3.13-kb downstream of the coding sequence were amplified by PCR with pALV1 or pALV2 as template and primers 5 0 -CTTCAAGAAGCATGCAAAAATTTGA-TTTGGATCACG-3 0 and 5 0 -GGGCATCGGTCGACCGCTCTGCC-GGTGGTTAC-3 0 (SalI site and artificially generated SphI site underlined). A 11.15-kb DNA fragment containing the mini-F replicon was amplified by PCR as described above. The amplified fragments were digested with SphI and SalI and then ligated. The newly constructed plasmids were named pALFV1 and pALFV2 respectively.
Analysis of cellular proteins. Cells suspended in sodium phosphate buffer (50 mM, pH 7.0) were disrupted by sonication. After removal of the unbroken cells, the cell lysates were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and the gel was stained with Coomassie Brilliant Blue. Protein bands that corresponded to the AdhE and AdhE-LacZ proteins were subjected to N-terminal amino acid sequencing (ABI model 492 Procise Protein Sequencer, Applied Biosystems, Foster City, CA).
-Galactosidase activity. -Galactosidase activity was determined by the method of Miller. 35) Overnight cultures grown on L broth at 30 C were washed and then inoculated into fresh L broth. The culture was subjected to -galactosidase activity assay when cell growth reached the early stationary phase (OD 660 of about 1).
Results

Identification of the cleavage sites in the 5
0 -UTR of adhE mRNA generated by RNase G To determine the cleavage sites in adhE mRNA generated by RNase G, we carried out primer extension analysis using total RNA isolated from MC1061 (rng þ ) and GM11 (rng::cat) grown on L broth. As shown in Fig. 1 (upper panel) , three 5 0 -ends (À32, À24 and À18), which corresponded to the previously detected posttranscriptional 5 0 -ends of adhE mRNA, 33) in addition to the ' S -dependent transcriptional start site (À188) and several minor bands, were detected in the rng þ cells (the A of the start codon was defined as þ1). In the rng::cat mutant cells, the À18-end product disappeared, and the À32-end product increased. It has been reported that the À32-end product was an RNase III-processed product.
This also confirmed in the present study. The À32-end was not detected in those rnc-105 mutant cells indifferent to rng alleles. In the rng::cat rnc-105 double mutant cells, neither the À32-nor the À18-end was detected. These results indicate that RNase III and RNase G cleave a phosphodiester bond between À33A and À32C, and that between À19A and À18C, respectively. Under these conditions, the expression of the AdhE protein was examined. As shown in Fig. 1  (lower panel) , the AdhE protein was overproduced only in the rng::cat single mutant cells, where the À32-end product increased. This suggests that the À32-end product is mostly translated.
The 5
0 -UTR of adhE mRNA gives RNase G-dependency to lacZ mRNA
We have found that the adhE-lacZ fusion gene, consisting of a 1.3-kb upstream region of the adhE gene containing the promoter sequence, the 5 0 -UTR, and the first 27 bp of the coding region joined to the lacZ gene in-frame, overproduced the AdhE-LacZ fusion protein in rng::cat mutant cells at levels similar to the intact AdhE protein encoded by the chromosomal adhE gene. 17) We identified the RNase G cleavage site in adhE-lacZ mRNA derived from plasmid pALF1. As shown in Fig. 2 (WT), all the bands corresponding to the 5 0 -ends of chromosomal adhE (À32, À24, and À18) were detected. This indicates that the 5 0 -UTR of adhE-lacZ mRNA is recognized by RNase G and RNase III in the same way as adhE mRNA, regardless of the coding sequence.
RNase G did not recognize nucleotides around the cleavage site
As explained above, RNase G cleaved a phosphodiester bond between À19A and À18C of adhE mRNA. To determine whether RNase G recognizes the sequence around the cleavage site, we constructed three types of adhE-lacZ fusion that had nucleotide substitutions Upper panel, Primer extension analysis of adhE transcripts from MC1061 (þ, þ), GM11 (þ, À), GM50 (À, þ), and GM51 (À, À). Primer extension products derived from total RNAs of MC1061 (rng þ ), GM11 (rng::cat), GM50 (rnc-105), and GM51 (rnc-105 and rng::cat) grown on L broth were separated on a denaturing polyacrylamide gel along with sequencing ladders (G, C, T, and A) obtained with the same primer. The cleavage sites generated by RNase III and RNase G are indicated as À32 and À18 respectively. A À24-end product generated by unknown RNase is also shown. The A of the start codon was defined as þ1. around the cleavage site (À19A to G, À18C to T, and À19A to G/À18C to T). Plasmids encoding the mutant adhE-lacZ mRNAs were introduced into rng þ and rng::cat mutant cells. If RNase G recognizes nucleotides around the cleavage site, mutant adhE-lacZ mRNA is stabilized even in the rng þ strain, unlike wild-type adhE-lacZ mRNA, and consequently overproduction of AdhE-LacZ fusion protein occurs not only in the rng::cat cells but also in the rng þ cells. As shown in Fig. 2 (lower panel) , all plasmids encoding mutant adhE-lacZ mRNAs overproduced AdhE-LacZ only in the rng::cat mutant cells, as chromosomally encoded adhE. Although the expression levels of AdhE-LacZ were slightly lower in the AÀ19G mutant indifferent to rng alleles than in the wild type and the CÀ18T mutant, the ratios of increase in AdhELacZ expression due to the rng::cat mutation were almost the same. AÀ19G mutation might affect translation efficiency.
As shown in Fig. 2 (upper panel) , all the 5 0 -ends of plasmid-derived mutant adhE-lacZ mRNA corresponded exactly to the 5 0 -ends of chromosomally encoded adhE mRNA (À32, À24, and À18). These results indicate that RNase G cleaves a phosphodiester bond between À19 and À18 of the 5 0 -UTR of adhE mRNA regardless of nucleotide substitution.
These results clearly indicate that RNase G does not recognize nucleotides around the cleavage site. This implies that the 5 0 -UTR of adhE mRNA has sequences responsible for RNase G recognition other than the cleavage site.
Determination of the RNase G recognition sequence in the 5
0 -UTR of adhE mRNA To determine the recognition sequence of adhE mRNA by RNase G, we carried out random deletion analysis. Various lengths of 5 0 -UTR were deleted from a plasmid-borne copy of the adhE-lacZ gene (Fig. 3) . Plasmids encoding the mutant adhE-lacZ messages were introduced into rng þ and rng::cat mutant cells, and the expression of AdhE-LacZ was examined by SDS-PAGE. As summarized in Fig. 3 , the original adhElacZ gene (pALF1) expressed the LacZ protein 2.6-fold higher in the rng::cat mutant cells than in the rng þ cells. pALF51 and pALF55 also showed 2.8 and 1.9-fold increases in the expression of LacZ in the rng::cat mutant cells. On the other hand, pALF16, pALF32, pALF34, and pALF58 lost RNase G-dependent overproduction of LacZ. These results suggest that the region À145 to À125, which is deleted in common in pALF16, pALF32, pALF34, and pALF58, contains a sequence that gives RNase G-dependency to adhE-lacZ mRNA. The expression levels of LacZ were significantly lower in the cases of pALF34 and pALF55 even in the rng þ cells. This is probably because the ' S -dependent promoter was deleted in these mutant plasmids. A deletion in pALF51 might also have affected ' Sdependent promoter activity.
Artificial Mini 5
0 -UTR was sufficient to cause RNase G-dependent regulation
Random deletion analysis revealed that the 20-base sequence À145 to À125, which is far from the cleavage site (À18), was responsible for the RNase G-dependent expression of adhE. With the aid of RNA fold software, the mfold (http://mfold.rna.albany.edu/?q¼mfold), a secondary structure of adhE 5 0 -UTR was predicted. As shown in Fig. 4a , the 20-base putative RNase G recognition sequence (À145 to À125) and cleavage site À18 in the 5 0 -UTR are positioned very close to each other. Furthermore the RNase III cleavage site (À32) is located in a complementary strand of the putative RNase G recognition sequence (Fig. 4a) . These findings led us to the hypothesis that a double-stranded stem structure formed by the putative RNase G recognition sequence and its complementary strand, with a bubble structure in the stem, is a key structure in RNase G-dependent regulation.
To evaluate this hypothesis, two adhE 5 0 -UTR variants were constructed (Fig. 4b and c) . A sitedirected deletion (À124 to À43) was introduced into adhE 5 0 -UTR to construct Mini 5 0 -UTR ver. 1 (Fig. 4b) . A further site-directed deletion (À170 to À147) was introduced into Mini 5 0 -UTR ver. 1 to construct Mini 5 0 -UTR ver. 2 (Fig. 4c) . Plasmids encoding the resulting mutant adhE-lacZ mRNA were introduced into rng þ and rng::cat mutant cells. Primer extension analysis indicated that all the 5 0 -ends of the adhE-lacZ messages corresponded to those of chromosomally encoded adhE mRNA (Fig. 5) . Overproduction of AdhE-LacZ was observed in the rng::cat mutant (data not shown). Additionally a cleavage site at À52 (Fig. 5b and c) , generated by RNase III, was also observed on the complementary strand (Fig. 4b and c) . This implies that RNase III cleaves at À32C and À134G in the original 5 0 -UTR of adhE mRNA (Fig. 4a) , generating a one-base protruding 5
0 -end. The À134G product was indeed detected in the original 5 0 -UTR, although very faintly (Fig. 5a ). These results suggest that Mini 5 0 -UTR ver. 2 is sufficient to give RNase G-dependency to adhE-lacZ mRNA. This stem-loop structure with a bubble in the stem may be necessary for RNaseG-dependent degradation of adhE mRNA.
Discussion
In this study, we identified the cleavage sites in adhE mRNA generated by RNase G and RNase III. We found that RNase III and RNase G cleave a phosphodiester bond between À33A and À32C, and that between À19A and À18C, respectively (the A of the start codon was defined as þ1). SDS-PAGE showed a correlation between the level of accumulation of the À32-end product and the expression level of the AdhE protein, suggesting that the À32 product is mostly translated. This confirms the previously proposed RBS occlusion model.
33) The 5 0 -UTR of adhE mRNA forms a complex stem-loop structure that blocks the RBS. When RNase III cleaves at the À32 site, RBS is released and adhE mRNA is translated.
As shown in Figs. 1, 2 , and 5, the À24G-end product was detected in all cases. This suggests that this product is independent of both RNase G and RNase III. Moreover, it has been found that this product is also independent of RNase E.
33) The RNase responsible for this reaction remains unidentified.
Our lacZ fusion assay suggested that the 5 0 -UTR of adhE mRNA is sufficient to give RNase G-dependency to downstream mRNA, regardless of coding sequence. Hence, the 5 0 -UTR of adhE mRNA must have a determinant responsible for RNase G recognition. Sitedirected mutagenesis indicated that RNase G does not recognize the nucleotides around the cleavage site. As summarized in Fig. 3, pALF16, pALF32, pALF34 , and pALF58, which have deletions of À145 to À125, lost RNase G-dependency. This random deletion analysis revealed that the region À145 to À125 contains a sequence that is required for RNase G recognition. The expression levels of LacZ were significantly lower in the cases of pALF34 and pALF55 even in the rng þ cells. This is probably because the secondary promoter (adhEp2: the ' S -dependent promoter) was deleted in these mutant plasmids. A deletion in pALF51 might also have affected the activity of adhEp2.
The computer-generated putative secondary structure of the 5 0 -UTR of adhE mRNA suggested that the sequence from À145 to À125, the RNase G cleavage site (À18) and the RNase III cleavage site (À32) are positioned very close to each other. By extracting a key structure from this secondary structure, two adhE 5 0 -UTR variants, Mini 5 0 -UTR ver. 1 and Mini 5 0 -UTR ver. 2, were constructed ( Fig. 4b and c) . Primer extension analysis indicated that both Mini 5 0 -UTR ver. 1 and ver. 2 gave the RNase G-dependency to lacZ mRNA. Although a new 5 0 -end of À27A, which is generated by an unknown RNase, was detected, the basic regulatory pattern due to RNase G and RNase III was conserved in the Mini 5 0 -UTR variants. We also found that RNase III cleaved at À134G in addition to À32C in the original 5 0 -UTR of adhE mRNA, generating a one-base protruding 5 0 -end. As shown in Fig. 4 , a sequence (À13 to À23) around the RNase G cleavage site (À18C) was AU rich. The double-stranded stem, in which the RNase III cleavage sites (À32C and À134G) are located, was also AU rich. These AU rich sequences may somehow contribute to recognition by RNases. RNase E and RNase G show 5 0 -end dependent activity and attacked substrate RNAs in single-stranded AU-rich regions, but adhE mRNA was cleaved by RNase G, but not by RNase E. Why can only RNaseG cleave adhE mRNA? It has been reported that RNase E is involved in the degradation of several mRNAs, including ompA, rpsT, rpsO, sodB and cspA. [36] [37] [38] [39] [40] In these cases, RNase E cleaves the target mRNA in single-stranded AU-rich regions. In the case of sodB mRNA, one cleavage site is present in a small bubble structure which forms in a stem-loop. It resembles Mini 5 0 -UTR ver. 2. RNase E requires the help of the RNA chaperone Hfq and a small regulatory RNA RyhB to attack this cleavage site. The interaction of Hfq, RyhB, and sodB mRNA opens out base pairing around the bubble to yield a large single-stranded loop containing the RNase E cleavage site. 41) This suggests that RNase E requires a longer single-stranded AU-rich region to attack substrate RNAs than RNase G does. This is probably why RNase E cannot attack Mini 5 0 -UTR ver. 2. As shown in Fig. 1 , the À18-end product was observed even in the rnc-105 mutant cells. This indicates that cleavage by RNase G is RNase IIIindependent, and that RNase G can attack the small bubble structure in Mini 5 0 -UTR ver. 2 by itself. It remains to be investigated whether RNase G recognizes this secondary structure directly, or requires a 5 0 -monophosphorylated end.
In sum, we propose a hypothetical model of the posttranscriptional regulation of expression of adhE mRNA by RNase G and RNase III (Fig. 6) . The primary transcript of adhE mRNA forms a complex secondary structure, as shown in Fig. 6a . RNase G and RNase III competitively attack the 5 0 -UTR of the mRNA. If RNase III cleaves the À32 site, the product forms a stem-loop structure at the 5 0 -end, which stabilizes the mRNA to be translated (Fig. 6b) . If RNase G cleaves the À18 site, the product has a free 5 0 -monophosphorylated end, which is further degraded by RNases, such as RNase E (Fig. 6c) .
Expression of adhE is induced under anaerobic conditions. As found in this study, two RNases, RNase G and RNase III, are involved in regulation of the expression of adhE. It would be interesting to determine whether these RNases are responsible for the anaerobic induction of adhE. It is well known that glycolysis is accelerated under anaerobic conditions. It has been reported that RNase G controls the levels of mRNAs of pgi, glk, nagB, acs, eno, and tpiA, in addition to adhE mRNA, 14, 18) but no similar stem-loop with a bubble structure is found in their 5 0 -UTR. It requires further investigation to elucidate the common structure required for RNase G. It would be interesting to investigate the role of RNase G in the regulation of glycolysis.
We found in this study that Mini 5 0 -UTR ver. 2 is sufficient to give RNase G-dependency to downstream mRNA, regardless of coding sequence. This small stemloop can stabilize target mRNAs in rng::cat mutant cells. Consequently, stabilized target mRNA leads to overproduction of target proteins. Recently, stabilization of mRNAs has been attempted in order to control gene expression. 42, 43) For example, suppression of mRNA degradation has been achieved by ribosome occupation due to enhancement of translation efficiency. 38, 44, 45) The introduction of hairpin structures into untranslated regions of mRNA, [46] [47] [48] [49] removal of RNase recognition sequences, [50] [51] [52] [53] [54] and mutations of RNase 55) have been reported. A combinatorial approach employing these techniques to tune relative gene expression in an operon has been also reported. 56, 57) It was also found that tunable artificial riboregulators both silenced and acti- vated gene expression. 58, 59) Our Mini 5 0 -UTR ver. 2 might also prove a useful genetic tool to control the stability of a transcript of interest.
